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Dry, degassed 1-halopropane-/-  l3C (0.63 g, 0.0049 mol) was intro­
duced by syringe. The reactant mixture was stirred at room temper­
a tu re  for 14 h, by which time it had turned purple and developed a 
large amount of finely divided gray solid. The solution was centrifuged 
and the supernatant liquid transferred by syringe for modified Gilman 
titration, purification procedures on the vacuum line, and N M R  in­
vestigation. Modified Gilman titration showed 92% conversion to 
propyllithium with <2% alkoxide present.
All propyllithium samples were evacuated to a solid on the vacuum 
line to remove unreacted halide and coupling products. In certain cases 
propyllithium was distilled across an inverted Y-shaped lube protected 
at the stem with a straight-bore stopcock. Pure cyclopentane was 
distilled into the receiver side of the Y and this solution transferred 
via syringe to the 8-mm N M R  tube, protected by a straight-bore 
stopcock. This assembly was transferred to the vacuum line, and the 
solution degassed by four freeze-thaw cycles and then sealed off.
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Abstract: Poly(4-diphenylphosphinostyrene) (1), poly(4-dicyclohexylphosphinostyrene) (2), and poly[ 1 -(4-diphenylphosphi- 
nophenyDethyliminomethylcne] (3) were obtained by polymerization of the corresponding monomers. The polymers were 
treated with ( R h C l L i h  and with ( R h C I L 'h .  where L and L' are ethene and 1,5-cyclooctadiene, respectively. These complexes 
were added stepwise and during this process the 31P N M R  spectra were observed. 31 P chemical shifts and l03Rh -31 P coupling 
constants were compared with those of monomeric analogues which were treated in the same way.
Recently, considerable interest has been shown in the an­
choring of homogeneous catalysts to organic polymers.1,2 For 
instance, polymer-bound rhodium complexes have been syn­
thesized and used as hydrogenation catalysts. Apart from a 
recent EXAFS study3 concerning the catalytic site of the 
polymer-bound Wilkinson catalyst, there has been hardly any 
other study relating to characterization of anchored ca ta­
lysts.
It has been shown t h a t 31P N M R  can help to elucidate the 
structures of metal-phosphine complexes.4 Both the 31P 
chemical shift and the metal-phosphorus coupling constant 
can provide information concerning the stereochemistry of 
these complexes and their coordination number.
Grubbs et al.5 have tried to use 31P N M R  as a tool for 
studying polymer-supported rhodium complexes, but failed 
to observe any signals of coordinated phosphines. They a t ­
tributed this failure to increased relaxation times due to 
complexation of the phosphine to the metal center. We consider 
this explanation to be less likely, because without rhodium the 
phosphine in polystyrenes gives a c lea r31P N M R signal'' 7 and 
therefore will have normal relaxation time, while coupling to 
rhodium is expected to decrease rather than increase the re­
laxation time.8
So far,2 nearly all supports used to anchor homogeneous 
catalysts have a low phosphorus content and phosphine is un­
evenly distributed over the polymer chain. This is very unfa­
vorable for a 31P N MR study because the signal strength is low 
and appreciable variations occur in the environment of the 
phosphorus in the polymer. Therefore, we prepared three 
polymers w'hich have a phosphine function in each repeating 
unit: poly(4-diphenylphosphinostyrene) (1), poly(4-dicyc!o- 
hexylphosphinostyrene) (2), and poly[ 1-(4-diphenylphos- 
phinophenyl)ethyliminomethylene] (3). These polymers were 
obtained by polymerization of their phosphine-containing 
monomers. Polymers 1 and 2 will have a more or less random
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coil s t r u c t u r e ,  w h e r e a s  po lym er  3 will have a rigid rod s t r u c ­
t u r e .9
A d d i t i o n  o f  [ R h C l ( C O D ) ] 2  and  [ R h C l ( C 2 H 4 ) 2 ] 2 i whe re  
C O D  =  1, 5 -cyc looc tad iene ,  to po lymers  1-3 gives rise to 
p o l y m e r  r h o d i u m  com plexes  which  a re  ac t ive  h y d r o g e n a t i o n  
ca ta lys t s . 10 This  paper  is concerned with the 31P N M R  spectra 
o f  these  complexes .
Results
Addi t ion  of  solut ions of  [ R h C l ( C O D ) ] 2  or [ R h C I ( C 2 H 4 )2]2 
in T H  F to so lu t ions  of  the  po lymers  in the  s a m e  solvent  gave
suspens ions  of  p o lym er  r h o d i u m  complexes  w h i c h  were  in­
so luble  not  only in T H F ,  but  also in benzene ,  alcohol ,  etc.  In 
g e n e ra l ,  shor t  c e n t r i f u g a t i o n  of  the  suspens ions  a f fo rded  the 
p o l y m e r  r h o d i u m  complex  quan t i t a t i ve ly ;  only t races  of  n o n ­
volat i le  m a t t e r  r e m a i n e d  in the  s u p e r n a t a n t .
W e  reco rded  31P N M R  spec t ra  in sealed tubes  u n d e r  a ni ­
t rogen  a t m o s p h e r e .  W h e n  a 31P s p e c t r u m  was t aken  of  the 
c l ea r  a n d  h o m o g e n e o u s  s u p e r n a t a n t ,  the  s ignals  were  very 
m u c h  w e a k e r  t h a n  those  of  the  freshly p r e p a re d  suspens ions .  
T h u s ,  the  s ignals  o f  the  p o lym er  complex  suspens ions  a re  a l ­
mos t  en t i r e ly  o f  the  insoluble  m a te r i a l .  A f t e r  mixing,  two 
spect ra  were recorded:  a survey spec t rum with an accumula t ion  
t im e  o f  0 .5 -1  h an d  a final one wi th an a c c u m u l a t i o n  t ime  of  
8 - 2 4  h. T h e  survey spec t rum was essentially different  from the 
final spec t rum.  Apparen t ly ,  it took 0.5-1 h for l igand exchange  
to r each  equ i l i b r iu m .  T h e  final s p e c t r u m  was  used to der ive 
the  31 P p a r a m e t e r s .  T h i s  s p e c t r u m  requ i red  a long a c c u m u ­
lat ion t ime  because  o f  the  bad signal  to noise rat io.
W h e n  [ R h C l ( C O D ) ] 2  was added  stepwise to po lymers  1-3, 
the  31 P N M R  s p e c t r u m  consis ted of  a doub le t  of  phosph ine  
c o o r d i n a t e d  to r h o d i u m  at  a p p r o x i m a t e l y  + 3 0  ppm and  a 
signal caused by uncoordinated  polymer  phosphine at  the same  
posi t ion as in the  s t a r t i n g  po lymers .  T h e  l a t t e r  s ignal  d i m i n ­
ished on ad d i t io n  of  m o r e  of  the  r h o d i u m  complex  and  d i s a p ­
p ea re d  w h en  the r h o d i u m  to p h o s p h o r u s  ra t io  was  1.0. T h e  
s ignals  at  the la t ter  rat io and  a t  some  low'er rat ios are  given in 
T a b l e  I ( en t r i e s  b 1 —h3; the  s t r u c t u r a l  type of  the rh o d iu m  
c o m p le x e s  is deno ted  by the  le t ter  a-g  and  the phosphine  by 
the  n u m b e r s  1-9).
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S tep w ise  add i t ion  of  [ R h C l ( C 2 H 4 ) 2 l 2 to a s a m p le  o f  poly­
m er  1 gave a series of  spec t ra  which are  shown in Figure  1 . On  
add i t i on  of  the  r h o d i u m  complex  the r esonance  of  the free 
p o l y m e r  phosph ine ,  ini t ial ly present  at  —5.3 ppm,  b roadens  
and  d i s a p p e a r s  a t  a loading of  0 .3 - 0 .4 equiv o f  r h o d iu m  per 
phosphorus .  W h e n  0 . 4 - 0 . 6  equiv of  r h o d i u m  is a d d e d ,  the
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Kifiure 1 . 31P N M R  spectra during stepwise addition of | R h C l i C i l U h b  
to polymer 1.
spec t r a  show a very b road  envelope of  s ignals  cover ing  the 
regions from 0 to + 3 0  and from + 4 0  to + 6 0  ppm. These  signals 
van i sh  at  a b o u t  0.6 equiv of  r ho d iu m .  At  0 . 8 -  1 equiv of  r h o ­
d ium  per phosphorus  a new signal is clearly present  as a doublet  
a t  + 5 3 . 5  ppm.  Po lymers  2 and  3 behaved  in the s a m e  way as 
p o l y m e r  1. T h e  s ignals  observed at  a r h o d iu m  to phosphorus  
ra t io  of  1 .0 a re  given in Tab le  I (entr ies  a l-a 3 ) .  In the case of  
a2 there was evidence of  other  signals besides the doublet  listed
in T a b l e  I.
In o r d e r  to d e t e r m i n e  how' m u c h  of  our  phosp ho rus  was 
visible in the  N M R  spec t ra  we c a l ib r a t ed  the s p e c t r u m  of  the 
suspension of  insoluble complex bl against  the spec t rum of  the 
dissolved po lymer  1 wi th ex te rna l  H 3 P O 4 . T h e  e x p e r im e n t s  
were  p e r f o r m e d  u n d e r  such  condi t ions  tha t  s a tu r a t i o n  was 
avoided.  T h e  d a t a  revealed tha t  30 min a f t e r  mixing  the 
s p e c t r u m  of  the suspens ion  showed 5% of  the phosphorus  
present ;  this va lue  slowly dec re a s ed  with t ime.  Moreover ,  we 
m a d e  an i n t r a m o l e c u l a r  ca l ib ra t ion .  As an i n t r a m o l e c u l a r  
s t a n d a r d  we took the  phosphine  oxide peak.  W e  used a ba tch  
o f  po lymer  1 wi th a phosph ine  oxide con ten t  o f  30% and  o f  
p o l y m e r  3 wi th a phosph ine  oxide con ten t  of  10%. At  a R h / P  
rat io of  1.0 the integral  of  the doublet  at  approximate ly  54 ppm 
a n d  of  the  phosph ine  oxide peak a t  25 ppm gave values  which 
are ,  wi thin  1 0 %, in a g r e e m e n t  with the a m o u n t  o f  phosphine  
oxide  ini t ial ly present  in the  polymers .
In o rde r  to faci l i tate the in te rpre ta t ion  of  the spect ra  of  the 
p o l y m e r  r h o d i u m  complexes ,  the  p rocedu re  descr ibed  above  
was  r epea ted  for m o n o m e r i c  a n a lo g u e s  of  the polymers ,  viz., 
t r ipheny lphosph ine  (4) and  d icyc lohexylphenylphosphine  (5).  
Af te r  three addi t ions the rhodium to phosphorus  rat io was 1.0. 
T h e  shi f ts  and  the l<MR h - 3 l P coup l ing  co n s t a n t s  observed 
d u r i n g  the  add i t ions  as well as thei r  a s s i g n m e n t s  a re  given in 
T a b l e  II, t oge th e r  wi th d a t a  of  c o m p a r a b l e  complexes  t aken  
f rom the  l i t e ra ture .
S tepwise  addi t ion of  [ R h C l ( C O D ) ] 2 to t r iphenylphosphine  
or dicyclohexylphenylphosphine gave evidence of  only one type
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Table I . 3,P N M R  D a ta0 of Polymer Phosphines and Their Complexes
compd no. bh •y (R h -P ) ,  Hz
[P h 2P C 6H 4C H C H 2]„ 1 - 5 . 3  ( +  25.1 K
[Cy 2P C 6H 4C H C H 2]„ 2 + 2.2 ( + 4 3 .5 ) c
[P h 2P C 6H 4C H ( C H 3) N = C < ] „ 3 - 4 . 6  ( +  25.3)r
[ / ra /w-RhCI(C 2H 4)2-Ph2PC<,H4(! a 1 + 53.5 d 184
1
[ / / -ani-RhCI(C 2H 4)2.Cy 2P C 6H 4C H C H 2)„• a 2 +  52.3 d 184
[frf l i i i-RhCI(C2H 4)2-Ph2P C AH 4C H ( C H 3) N = C < ] a a 3 + 54.1 d 185
1 1
[c/.v-RhCI(COD)-Ph2P C 6H 4C H C H 2]„ hi +  30.9 d 147
1 1 hi J +  31.2 d 154
[ m - R h C I ( C O D ) - C y 2PC 6 H 4C H C H 2]n h2 + 29.1 d 169
b2‘y + 29.1 d 163
1)2*’ +  29.1 d 146
( m - R h C I ( C O D ) - P h 2P C 6H 4C H ( C H 3 ) N = C < ) „ b3 +  31.1 d 143
“ The spcclra arc recorded in Tl 1 l; / C (,D(, al 29X K. The P / R h  ratio is 1 .0. * Chemical shift relative to 1 l . iP 0 4. calculated from external
PPhj  at —5.6 ppm. The chemical shills are in parts per million; downlield is positive; d = doublet. c The resonance of the phosphine oxide is
given in parentheses. J At R h / P  == 0.6. <• At R h / P  = 0.3.
•
0
Table II. MP N M R  Data of Monomeric Phosphines and Their  Complexes
compd no. 5h ' J ( R h - P ) ,  Hz ref
PPhi 4 - 5 . 6  ( +  24.6)°
P C y2Ph 5 + 1.9 (+40 .8 )°
PC y 3 6 + 7.1 (+44.3)*' 12
trans-RhC\( P Ph 3) ( C 2l {4)2 a 4 + 53.3 d 184.4
/ ra / / i -R hC I(P C y 2P h ) (C 2H 4 ) 2 a5 +53.6  d 181.5
m - R h C I ( P P h 3) (C O D ) h4 + 31.5 d 152
m - R h C I ( P C v 2P h)(C O D ) b5 + 29.9 d 146.3
trans-RhCI( P P h 3 )2( C 2H 4) c 4 ‘y +35.4  d 128.8
trans-R hCI( PCy2Ph )2( C 2H 4) c5 +  31.2 d 123
trans-R hC I(PC y 3) 2(C 2H 4) e6 + 4 7 .2 d  113.7 15
RhCI( P P h 3) 3 d4*’ + 47.3 dt 187.3
d4 +  30.3 dd 143.4
RhCI [P(/?-tolyl)3l 3 d7 + 46.2 dt 189 14
d7 +  30.2 dd 143
mbp Rh(/u-CI)2Rh mbp e9 / + 6 8 . 6  d 188 16
e9 + 69.6 d 189
( P C y 2Ph)(C ')H 4)Rh(^-CI)-*R h (P C y 2P h ) (C 2H 4) e5 +  52.6 d 184.5
(P C y 3) (C 8H | 4)R h ( / i -C I ) 2R h (P C y 3) (C 8H , 4) e6 +45.1 d 182.9 12
diop Rh(/x-Cl) '>Rh(C2H 4) 2 + 34.1 d 194 4
(PPh3)2Rh(M-CI)2Rh(PPh3)2 + 51.9 d 193.2
| P(/?-tolyl)3] 2Rh(/i  -CI)2Rh[P(/7-tolyl ) 3] 2 S7 + 49.5 d 196 14
diop R h ( ^ - C I ) 2Rh diop Z* +  31.8 d 191 4
(P C y 3 )2Rh(M-CI)2R h (P C y 3) 2 «6 +44.4  d 193.8 12
° The spectra are recorded in Tl I F/C<,Df, at 298 k ,  except the spectra taken from the references. h Chemical shifts relative to H 3PO 4, calculated 
from external PPh 3 at —5.6 ppm. The chemical shifts are in parts per million; downfield is positive; d = doublet, dd = doublet of doublets, dt 
=  doublet of triplets. c The resonance of the phosphine oxide is given in parentheses. J Reference 14 gives for e4 in toluene h +35.7 and ' J ( R h - P )  
= 128 Hz. ? i ( P  P') is 38.1 Hz. f  mbp is Ph 2P C H 2C H 2C H = C H 2.
of  complex ,  viz., b4 and  b5, rcspcct ivcly.  T h e  excess of  p hos ­
ph ine  p resen t  at  r h o d iu m  to phosphorus  ra t ios  o f  0.3 and  0.6 
was  not ab le  to b reak  the  coord ina t ion  bond be tween  the r h o ­
d i u m  and  the  1 , 5 -cyc looc tad iene  l i g a n d . 1 1 T h e  s ignals  o f  the 
excess  phosph ine  were  found at  the posi t ions expec ted  for 
n o n c o o r d in a t e d  phosphines .  On  add i t ions  of  more  rh od ium  
complex  the  l a t t e r  s ignals  d i s a p p e a r e d  a t  a R h / P  ra t io  o f
1.0 .
W h e n  [ R h C l ( C 2H 4) 2 ]2 was  added  s tepwise  to t r iphenyl-  
phosphine,  the spectra  were much  more  complex.  Apparent ly ,  
more  than one type of  phosphine rhod ium complex  is formed;
the relat ive a m o u n t s  o f  these  com plexes  d e p e n d  on the  R h / P  
ratio.  W h e n  this rat io was 0.3,  two complexes  were  present:  c4 
and d4 ( the Wilkinson complex) ,  besides noncoordina ted  P P h 3. 
At  a R h / P  ra t io  of  0.6 the  m a j o r  pa r t  of  the  r h o d i u m  was  
present  as complex  a4 and  a minor  par t  as com plex  c4, while 
the complex  d4 had d i s a p p e a r e d .  At  a R h / P  ra t io  of  1.0 also 
complex e4 had d i sappeared  and  only complex  a4 was left. W e  
may  conclude from this observat ion that  at  a R h / P  rat io of  0.3 
the  Wi lk inson  complex  is not fo rmed  exclusively;  the  P P h 3 li­
g a n d  is not able  to expel  the  e th e n e  l igand co m p le t e ly  u n d e r  
these  condi t ions .  W h e n  the  add i t ion  was  reversed,  i.e., tri-
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p h e n y l p h o s p h in e  was  a d d e d  s t epwise  to a so lu t ion  of  
[ R h C l ( C 2 H 4 ) : ] 2 , the  s a m e  s ignals  wi th  the  s a m e  re la t ive  in ­
tensi t ies  a p p e a r e d  in the 31P N M R  s p e c t r u m .  T h i s  ind ica tes  
t h a t  with this phosph ine  all r eac t ion  s teps  a re  revers ible .
A f t e r  [ R h C l ( C : H 4 ) 2 ] 2  had  been a d d e d  to so lu t ions  o f d i -  
cyclohexylphenylphosphine the equi l ibr ium of  l igand exchange  
was  es tab l i shed  re la t ively  slowly.  At  a R h / P  ra t io  of  0.3 
complex  c5 was formed besides uncoo rd ina t ed  phosphine .  T h e  
W i lk in s o n - ty p e  co m plex  wi th th r ee  phosph ines  a r o u n d  the  
r h o d i u m  was  not fo rm ed  wi th this phosph ine ,  a p p a r e n t l y  for 
ster ic reasons.  This  behavior  is in line with the behav io r  of  the 
t r i cyc lo hexy lph osph ine  l igand,  for which  this c o m p le x  is not 
known e i t h e r . 12,1 3 At  a r hod ium  to phosphorus  ra t io  o f  1.0 two 
complexes ,  a5 and  e5, were observed in a ra t io  of  86:14.  U n d e r  
s imi lar  condi t ions  t r ipheny lphosph ine  gave only one  complex ,  
a4.
Sclicme I
Discussion
T h e  polymer  l igands 1-3 have 31P signals  a t  posi t ions which 
differ  only sl ight ly f rom those o f  thei r  m o n o m e r  coun te rpa r t s .  
O n  coord ina t ion  to rhod ium  the signals  of  both m o n o m e r  and  
po lymer  l igands  shif t  downf ie ld .  I n f o r m a t i o n  a b o u t  the 
s t r u c t u r e s  o f  the  va r ious  com plexes  can  be o b t a i n e d  f rom a 
m u t u a l  c o m p a r i s o n  o f  the  31 P p a r a m e t e r s  in T a b l e s  I and
II.
Complexes of the Monomers. T h e  value  o f ' . / ( R h - P )  is a p ­
prec iab ly  lower  in com plexes  b4 and  b5 t h an  in c o m p l e x e s  a4 
and  a5. This  is because  the phosphine  in the  fo rm er  complexes  
is t r ans  to a lkenc  an d  not t r ans  to ch lor ine ,  as d i c t a t e d  by the  
cyclooctadiene l igand, which occupies two positions cis to each 
o ther .
T h e  values of  the coupl ing cons t an t s  ( 1 8 1 .5-189 H z )  of  the 
com plexes  a4, a5, d4, and  d7 ind ica te  t h a t  each  o f  these  c o m ­
plexes has  a phosph ine  l igand t r an s  to c h l o r i n e . 14 F ro m  the 
values  of  the  coup l ing  c o n s t a n t s  it can  also be shown tha t  
complexes  e4, c5, e6, d4. and  d7 have  two phosph ines  which  
are mutua l ly  t r a n s .1415 It can be concluded f rom a compar i son 
of  the  var ious  complexes ,  for ins tance ,  o f  d4 with c4, t h a t  r e ­
p l a c e m e n t  o f  a phosph ine  by an a l k e n e a t  the  s a m e  l igand po­
si t ion causes  a lower ing of  the  ' . / ( R h - P )  of  the  r e m a i n i n g  
phosphines .
In the  s a m e  m a n n e r ,  when  in com plexes  g two phosph ines  
a re  rep laced  by a lkenes  to yield co m p lexes  e, the  r e m a i n i n g  
ph osphines  will have a lower  coup l ing  cons tan t .  T h i s  o b s e r ­
vat ion and  o the r s  a r e  p resen ted  in S c h e m e  I. In this s c h e m e  
igand subst i tut ions occur  horizontal ly and m o n o m e r  *=± d imer  
r eac t ions  ver t ical ly.  F rom  S c h e m e  I it is c l ear  t h a t  in these  
s q u a r e - p l a n a r  r h o d i u m  phosph ine  com plex es  one  can  d i s ­
c r i m i n a t e  be tween  phosph ine  t r an s  to a n o n b r id g e d  ch lor ine  
(a4, d4, d7) and  t r ans  to a b r idged  ch lo r ine  ( e 9 . !i' g4, g7). In 
the  nonbr idged  case  the  ' 7 ( R h - P )  is lower.  For  t r i p h e n y l ­
phosph ine  complexes  this lower ing is 4 7 Hz  and  fo rd i c y c lo -  
hexy lphosph ine  complexes  it is 3 Hz.
T w o  s t ructures  could be assigned to the spect ra  at  a rhodium 
to phosp ho rus  ra t io  of  1.0, viz., a and  e. C o m p l e x  e m a y  be 
fo rmed  via d i m e r i z a t i o n  of  complex  a.
2R hC I(P R 3) ( C 2H 4)2
a
P R 3 ( C 2 H 4 ) R h ( M - C l ) 2 R h ( C 2 H 4)PR 3  +  2 C : H 4 ( I )
O n  the basis of  the compar i sons  given above,  a s s ignment  of  
s t ruc tu re  a4 to the doublet  observed in the 31P N M R  spec t rum 
of  the  r h o d i u m  t r i p h e n y lp h o s p h in e  complex  at R h / P  =  1.0 
se ems  to be j u s t i f i e d . 17 T h e  two doub le t s  in the 31P N M R  
spec t rum of its dicyclohexylphenylphosphine analogue at R h / P  
=  1.0 can be a t t r ib u ted  to the presence of  both the monomer ic  
species  a5 and  the  d imer ic  species  e5. T h e  double t  wi th the
a5 a4
3 -5  Hz
3 Hz
e5
t
e9
e6
—
5 Hz
4 -5  Hz
11 Hz --►
d4  d7
6 -7  Hz
g4
g6
lowest  coup l ing  c o n s t a n t  (181 .5  H z )  is ass igned  to a5 and  the 
one  wi th the  highes t  coup l ing  co n s t an t  (184 .5  Hz)  to e5. T h e  
a b s o l u t e  va lue  of  the  la t te r  coup l ing  co n s t an t  is in close 
a g r e e m e n t  wi th the  value of  the coupl ing  c o n s t a n t  of  the  t r i ­
c y c l o h e x y l p h o s p h i n e  d e r i v a t i v e ,  e6, r e p o r t e d  by V a n  
G a a l . 12,1
As complexes  a4 and a5 are  crucial  for the elucidat ion of  the 
s t ru c tu r e s  of  the polymer  rhod ium complexes ,  we also appl ied 
' H  N M R  in o r d e r  to get  add i t iona l  in fo rm a t ion  abou t  the 
s t r u c t u r e s  o f  these  r h o d i u m  complexes .
T h e  pro ton  spec t ra  of  these m o n o m e r  r h o d iu m  phosph ine  
e thene  complexes  have been recorded to see whether  at  a R h / P  
rat io of  1.0 the solutions of  these complexes  contain free as well 
as  c o o r d i n a t e d  e thene .  A cco rd in g  to eq 1 I cquiv of  e then e  is 
l ibe ra ted  when  co m p le t e  d im er i za t ion  of  complex  a occurs .
At  room t e m p e r a t u r e  a solut ion of  [ R h C l ( C 2 H 4 ) 2 ]2 and  
d i cyc lo h ex y lp h en y lp h o s p h in e  in C 7 DK, having  a R h / P  =  1.0, 
showed in the 1H N M R  spec t rum two broad signals,  at 3.0 and 
5 . 1 ppm,  which can be ass igned to complexcd  and free ethene,  
respect ively.  F rom the intensi ty  ra t io  the a m o u n t  o f  d i m e r  is 
found to be 18%. This value does not deviate significantly from 
the  value  of  14% ca lcu la t ed  f rom the 31P N M R  s p e c t r u m .
On  lowering the t em p e ra tu r e  to - 4 5  ° C  the signal of  the free 
e thene  sha rpened  and  shif ted to 5.25 ppm and the signal of  the 
c o m p le x c d  e thene  was  split into two broad  peaks ,  which  on 
cool ing  to —80 ° C  fu r th e r  resolved into two doub le t s  at  3.50 
a n d  2.55 ppm.  T h ese  double t s ,  which  have  fine s t ruc tu r e ,  a rc  
caused  by rest r icted rotat ion of  the complexcd  e thene  in these 
r h o d i u m  complexes  at  this low t e m p e r a t u r e . Ix
At  room t e m p e r a t u r e  the ' H  N M R  s p e c t r u m  of  a m ix tu re  
o f  [ R h C l ( C 2H 4) 2 ] 2  and  t r ip heny lph osph ine  ( R h / P  =  1.0)
showed  only one very b road  peak at  4 ppm.  W h e n  the t e m ­
p e r a t u r e  was  lowered to —80 ° C ,  two poorly resolved peaks  
b e c a m e  visible at  about  4.5 and  3.7 ppm.  Apparen t ly ,  rotat ion 
o f  e t h e n e  is m u c h  less res t r ic ted in these  rh o d iu m  complexes  
(a4). T h e s e  obse rva t ions  a re  in line with s imi la r  obse rva t ions  
m a d e  by W i lk in s o n '1' on complex c4. I he results obta ined from 
the ‘ 11 N M R  spec t ra  of  these phosph ine  rh o d iu m  e thene  
c o m p le x e s  suppo r t  the  a s s ig n m e n t  that  was  based on the 31P 
N M R  spec t ra .
Complexes of the Polymers. T h e  d a t a  in T a b l e s  I and  11 re ­
veal a close a g r e e m e n t  be tween  the shif ts  and  coupl ing  c o n ­
s tants  in the 31P N M R  spect ra  of  complexes a I, a2, and a3 and 
those  o f  the i r  m o n o m e r i c  a n a lo g u e s  a4 and  a5 when  the  r h o ­
d i u m  to p ho sp h o ru s  ra t io  is 1.0. Thi s  a g r e e m e n t  s t rongly  
sugges t s  a s imi la r i ty  in s t r u c t u r e  and ,  since the s t r u c t u r e s  of  
the  m o n o m e r s  have been well d e t e r m i n e d ,  those of  the poly­
mers  a re  very probably  correct .  A l though  the ca l ibrat ion with 
H } P 0 4 reveals that  only 5% of the phosphorus  present  is visible, 
we a s s u m e  tha t  the doub le t ,  observed for po lymers  I and  3 at  
R h / P  = 1.0, represents  the main  species present  (see Tab le  I). 
T h i s  a s s u m p t io n  is based on the  behavior  o f  the 31 P s p e c t r u m  
when small  por t ions of  rhod ium are  subsequent ly  added  to the 
po lymer .  T h e  s p e c t r u m  is c h a n g i n g  u n t i l — jus t  as with the 
m o n o m e r s -  it gets  its final form at  a r h o d iu m  to total  phos­
phine  P ra t io  o f  1.0. T h e  d e t ec t a b l e  phosp ho rus  could be 
present  in a more  solvated and the r em a ind e r  of  the sample  in 
a less solvated ( “ m ore  so l id” ) s ta te .
In the case  of  po lymer  2 the main  species we observe at  a
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R h / P  ra t io  of  1.0 is complex  a2, but  addi t iona l  signals  a rc  also 
present .  These  addi t ional  signals cannot  be assigned to specific 
s t ruc tu res  because  of  the complexi ty of  the spec t rum.  It should 
be noted  tha t  at  a R h / P  ra t io  o f  1.0 the  m o n o m e r  a n a l o g u e  
show ed  o t h e r  s ignals ,  in add i t ion  to those of  a5. T h ese  a d d i ­
t ional  s ignals  could be ass igned to e5 and ,  d e p e n d in g  on the 
reac t ion  t ime,  also to c5.
A c o m p a r i s o n  of  the  spec t ra  o f  m o n o m e r  r h o d i u m  e th ene  
c o m p le x e s  wi th  those  of  the  po lymer  r h o d i u m  e then e  c o m ­
plexes at  R h / P  ra t ios  lower t h an  1.0 is h a m p e r e d  by the
b r o a d n e s s  o f  the  s ignals  in the l a t t e r  spec t ra .  T h e  d i f fe ren t  
spccics  obviously  present  in the  s p e c t r a  o f  the  m o n o m e r  c o m ­
plexes,  and  listed in T a b l e s  II, c a n n o t  be recogn ized  d i rec t ly  
in the spec t ra  o f  the  po lymer  c o m p le x e s  ( F i g u r e  1).
T h e  spec t ra  of  the polymers  and  m o n o m e r s  at  var ious  
loadings of  [ R h C l ( C O D ) ] 2  a re  relat ively s imple  and  a lways  
show the double t  of  complex  b in add i t ion  to the signal  of  the 
r em a in in g  uncoord ina ted  phosphine .  T h e  s impl ic i ty  of  the 
spectra is due to the prescncc of  only one type of  complex,  viz., 
complex b, and to the reduced exchangeabi l i ty of  the bidcntate
1,5-cyclooctadiene  l igand as c o m p a r e d  to the m o n o d e n t a t c  
e thene  l igand.
It can  be seen f rom T a b l e  I tha t  for c o m p o u n d s  bl and  b2 
' y ( R h - P )  var ies  a p p r e c i a b ly  wi th  the  r h o d i u m  loading.  For  
bl at  R h / P  =  0.6 ' . / ( R h - P )  is a lm o s t  equa l  to the  coup l ing  
co n s t an t  o f  the  m o n o m e r  a n a l o g u e  b4. At R h / P  =  1.0 this 
coupl ing  co n s t an t  has d e c re a s e d  by 7 Hz.  Also the  coup l ing  
constant  of  143 H z  observed for b3 is relatively low with respect  
to the  coup l ing  co n s t an t  in the  monome.c a n a l o g u e  b4.
For complcx  b2 a d i f fe ren t  behav io r  1s found.  At  a R h / P  
ra t io  o f  0.3 a no rmal  va lue  of  146 H z  for the  r h o d i u m - p h o s -  
phorus  coupl ing constant  is observed.  This  value is equal  to the 
value  o f  the coup l ing  cons t an t  in the m o n o m e r  a n a l o g u e  b5. 
At higher  rhod ium loadings ' 7 ( R h  P) increases  up to 169 Hz.  
A relat ively high value for ' . / ( R h  P) has  also been found for 
the  complcx  R h B r (P C y- t )  ( n o r b o r n a d i e n e ) ,  w h e r e  ' . / ( R h - P )  
=  160.8 H z . 12 In this complex  too r h o d i u m  is s u r r o u n d e d  by 
very bulky l igands.
In this s t udy  wc have d e m o n s t r a t e d  tha t  31P N M R  is a 
useful  tool to inves t igate  the s t r u c t u r e  of  p o l y m e r - a n c h o r e d  
rhodium complexes.  An impor tan t  conclusion is tha t  the l igand 
cyelooctadicnc,  in cont ras t  to the widely used ethene,  gives only 
a single type of  complex  which  could be an a d v a n t a g e  in c a t ­
a lyt ic  s tudies .
Experimental Section
The complexes [R h C K C i H ^ h  and [R h C I (C O D )]2 were syn- 
thesized according to the l i terature.20-21 The monomers of polymers 
1 and 2 have been synthesized according to the method described by 
Rabinowitz.22 The structures of all phosphines were checked by '11 
and 31P N M R  and by IR.
4-Diphenylphosphinostyrene: 11 P N M R  ( C f r l ^ / T H F )  o —5.76.
4-Dicyelohexylphosphinostyrene: 31P N M R  ( Q . D f c / n i F )  b 
+ 1.6 .
These monomers were polymerized to yield polymers 1 and 2 by 
stirring an amount of 10 g of the monomer for 24 h at 65 °C under N 2 
with 0.03 g of AIBN in 30 ml. of benzene. Sometimes the solution 
became too viscous to stir; then more benzene was added. At the end 
of the reaction the solution was concentrated to 10-20 mL and added 
to 150 mL of vigorously stirred hexane in an N : atmosphere. The 
white precipitate which formed was collected by centrifugation under 
N 2 and dried in vacuo, yield 50-70%.
Poly(4-diphenylphosphinostyrene)(1): 'H  N M R  (C(,D<,) b 0 .5-2.5 
(very br, 2 H, C l h ) ,  6.6 (br, 1 H, C H ), 7.03, 7 . 1 2, and 7.4 ( m, 14 H, 
aromatic); IR (KBr) 515,570, 700, 745,830, 1085, 1405, 1435, 1480, 
1495, 2900, 3020 cm - 1 . According to 31P N M R ,  the polymer con­
tained less than 2% phosphine oxide. Another sample, which contained 
30% phosphine oxide, was used for calibration purposes.
Poly(4-dicyelohexylphosphinostyrene) (2): '11 N M R  (C<,D(,) h
0.3-2.5 (very br, 24 H, C H 2, cyclohexyl), 6 .2-7.8 (very br. 5 H. CH
and aromatic);  IR (KBr) 522 ,560 ,760 ,830 ,  1095, 1200, 1450, 1510,
1 595, 2850, 2920, 3200 c m - 1 . According to 31 P N M R ,  this polymer 
contained less than 3% phosphine oxide.
The syntheses of polymer 3 and its monomer have been described 
before.23 The polymer contained less than 3% phosphine oxide. A n ­
other sample, which contained 10% phosphine oxide, was used for 
calibration.
Triphenylphosphine was purchased from Aldrich; dicyclohexvl- 
phcnylphosphine was synthesized from P h P C h  and CyM gBr in T H F  
and recrystallized from E t O H / M e O H  (under N 2).
Samples for 'H  N M R  contained I0-4 rnol of compound in 0.6 mL 
of solvent and samples f o r 31P N M R  (1-2)  X 10~4 mol of compound 
in 3-6  ml.  of solvent. The ‘11 and 31 P N M R  spectra were recorded 
on Varian LM390 and Bruker W H 90  spectrometers, respectively. All 
compounds were handled and all spectra were recorded in an NS a t ­
mosphere. For the 31P N M R  spectra pulse-FT N M R  and broad-band 
noise decoupling techniques were used.
The 31P N M R  spectra of the monomer phosphines were recorded 
using 100-500 pulses with a flip angle of 40 50° and a repetition rate 
of 0.5-1 Hz. For the polymer phosphines 300-1000 pulses were used 
with a Hip angle of 40 -90°  and a repetition rate of 0 .3-3  Hz. The 
spectra of the complexes of the monomer phosphines with rhodium 
w'ere recorded 5 min after mixing; we used the same number of pulses 
and the same flip angles. The 31 P N M R  spectra of the rhodium 
complexes of the polymers were recorded with a 65-90° Hip angle and 
a repetition rate of 0.8-3 Hz. The number of pulses varied from 10 000 
to 20 000 for the polymer COD complexes and from 50 000 to 200 000 
for the polymer ethene complexes. For the survey spectra taken during 
the first 0.5-1 h, 5000-10 000 pulses were used. Changing the Hip 
angle or the repetition rate did not alter the spectra of the polymer 
complexes. In the calibration experiments with H3PO4 spectra of the 
suspension of complex bl were recorded using 2000-10  000 pulses 
instead of 1000 pulses for polymer 1 without rhodium.
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